Background/Aims: The synthesis and degradation processes involved in bone remodeling are critically regulated by osteoblasts and osteoclasts. The GLP-1 receptor agonist Exendin-4 is beneficial for osteoblast differentiation and increases the number of osteoblasts. Methods:
Exendin-4 Induces

Introduction
Bone formation can be divided into two distinct processes: modeling and remodeling, with bone formed and resorbed [1] . Bone modeling is an uncoupled cooperation between osteoblasts and osteoclasts leading to mineral deposition and bone resorption at different bone surface locations. In contrast, bone remodeling is a coupled sequential process, in which the extracellular matrix is deposited by osteoblasts at specific anatomical locations due to osteoclast resorption [2] . Dysregulation of the balance between osteoblast formation and osteoclast resorption is associated with skeletal diseases such as osteoporosis, which is common in elderly people and postmenopausal women [3] . At present, the variety of therapies that are used to prevent osteoporosis and to improve bone mass can be divided into antiresorptive agents, such as alendronate, and anabolic agents, such as parathyroid hormone (PTH) [4] [5] [6] . Although it was speculated that combined therapies should be more effective, clinical trials have shown that the anabolic effects of PTH are impaired by the antiresorptive agents [4, 7] . Thus, an agent that not only promotes bone formation, but also inhibits bone resorption is urgently required.
Some studies have indicated soluble factors that are released during bone resorption by osteoclasts plays a vital role in bone formation. During resorption, many factors are released from the bone matrix, including insulin growth factor-1 (IGF-1), bone morphogenetic proteins (BMPs), platelet derived growth factor (PDGF) and transforming growth factor-β1 (TGF-β1) [8, 9] . IGF induces differentiation of BMSC into osteoblasts and TGF-β1 promotes BMSC migration into the resorption pits for new bone formation [4, 10, 11] in a process known as bone remodeling. TGF-β1 is one of the most abundant cytokines embedded in the bone matrix in an inactive state. The inactive molecule consists of latency-associated protein bound to active TGF-β1 to form the latent complex [12] . Active TGF-β1 released aberrantly from the bone resorptive sites by osteoclasts contributes to the pathogenesis of disorders such as osteoarthritis in the subchondral bone [10, 13, 14] , chronic kidney disease (CKD) [15] , benign prostatic hyperplasia (BPH) [16] and Camurati-Engelmann disease (CED) [9] . During the menopause in women, sexual hormone production is reduced with activation of osteoclasts and osteoblasts as a secondary effect. Consequently, bone formation does not compensate for bone resorption leading to osteoporosis. Estrogen negatively regulates osteoclast formation and function through TGF-β [17] .
Glucagon-like peptide 1 (GLP-1) is an incretin hormone secreted from intestinal L cells in response to meal ingestion. GLP-1 or GLP-1 analogs are effective for the management of type-2 diabetes (T2DM) and exhibit protective effects of pancreatic beta cell and peripheral tissues [18, 19] . Sun demonstrated that Exendin-4 is beneficial for the preservation of bone formation in ovariectomized rats through the inhibition of adipogenesis and enhancement the osteoblastogenesis of BMSCs [20] . Liraglutide, another GLP-1 receptor agonist, also stimulates osteogenesis in ovariectomized rats [21] . However, the mechanisms are unknown. Our previous study demonstrated that Exendin-4 protects bone loss and fractures and promotes bone formation by inducing BMSC differentiation into osteoblasts, while inhibiting differentiation into adipocytes [3] . In addition, we proposed that the mechanism underlying the effect of Exendin-4 is via the GLP-1 receptor and Wnt/β-catenin signaling pathways. In addition, the PI3K/AKT signaling pathway is also involved in the differentiation of BMSCs and some studies have shown that the GLP-1R signaling pathway can prevent apoptosis and promote cell proliferation [22, 23] . According to the remodeling process theory, osteoclasts absorb bone matrix to release TGF-β1, which promote BMSC migration to the resorptive bone surface. Exendin-4 inhibited osteoclast activity in an ovariectomized mouse model. Although this effect indicated reduced secretion of TGF-β1 from bone matrix, our results showed the opposite effect, with increased levels of TGF-β1 observed in ovariectomized mice treated with Exendin-4 compared with those treated with vehicle alone. The mechanism underlying this effect remains to be elucidated.
Bone fracture is the latent threat associated with osteoporosis [24, 25] . The first stage of healing after fracture is inflammation, which leads to granulation tissue formation and disrupts the balance between bone loss and formation [26, 27] . Macrophages play a vital role in bone formation via the relationship between osteoclasts and osteoblasts and the secretion of inflammatory factors [28] [29] [30] [31] [32] . Macrophages are the important components in immunity and defense, and also exhibit plasticity and polarization, which are features of mononuclear macrophages [33] [34] [35] [36] . Macrophages can be divided into resident macrophages and inflammatory populations [25] . Inflammatory macrophages can also be divided into the classically activated/inflammatory (M1) and alternatively activated/ regenerative (M2) subpopulations that are produced depending on the environment [37, 38] . The M1 phenotype macrophages express high levels of pro-inflammatory cytokines, which are induced by Toll-like receptor (TLR) ligands and lipopolysaccharide (LPS) and/ or interferon gamma (INF-γ), while M2 macrophages act as the anti-inflammatory subtype and are activated by interleukin (IL)-4, IL-13, or IL-10 [39, 40] . In vitro and in vivo studies of the effects of resident macrophages (osteomacs) on osteogenesis have been reported previously [31, 32, 40, 41] , although the role of bone marrow-derived macrophages on bone formation are unknown. Dipeptidyl peptidase-4 (DPP-4), which degrades GLP-1, induces a significant reduction in the expression of NLRP3, TLR4 and IL-1β in macrophages [42] . Our study showed that Exendin-4 influences the expression of inflammatory mediators and other cytokines in macrophages, although the specific macrophage subtype affected and the underlying mechanisms are unknown.
In this study, we hypothesized that Exendin-4 regulates the polarization of bone marrowderived macrophages (BMDMs) to induce BMSC migration to the bone surface. To test our hypothesis, we investigated the effect of Exendin-4 on macrophages and bone formation both in vitro and in vivo. Our results indicated that Exendin-4 regulates BMDM polarization into the M2 subtype and promotes TGF-β1 secretion to promote BMSC migration to the bone surface. These findings indicate that GLP-1 and its analogs represent promising candidates for the treatment of osteoporosis.
Materials and Methods
Ethics statement (mouse experiments)
All animal studies were reviewed and approved by the Animal Care and Use Committee of the Fourth Military Medical University (Xi'an, China) and carried out in accordance with their guidelines.
Animals
Thirty-two female WT C57BL/6 mice (aged 3 months) were obtained from the Animal Center of Fourth Military Medical University (Xi'an, China). Mice were randomly assigned to a normal control group and four ovariectomized (OVX) subgroups: OVX + vehicle group, OVX + Exendin-4 (4.2 μg/kg/day) group, OVX + clodronate liposomes group and OVX + clodronate liposomes + Exendin-4 group. At 4 weeks after surgery, each group was treated appropriately for 2 months by intraperitoneal administration. The doses of Exendin-4 were selected based on the results of our previous study [3] .
Mice weights were recorded weekly during the 2-month experimental period. Subsequently, trabecular bone microarchitecture in femurs was analyzed by micro-computed tomography (micro-CT). Mice were then sacrificed for analysis of gene and protein expression in the femurs and vertebra. Tibiae were fixed in 4% paraformaldehyde (PFA), decalcified in 10% ethylenediamine tetra-acetic acid (EDTA, pH 7.0), and then embedded in paraffin. Longitudinal sections (5-μm thick) were stained with anti-COL-Ⅰ antibody to count osteoblasts and with tartrate-resistant acid phosphatase (TRAP) to visualize bone marrow osteoclasts. All animal studies were reviewed and approved by the Animal Care and Use Committee of the Fourth Military Medical University (Xi'an, China) and carried out in accordance with their guidelines. 
Immunohistochemistry
Femurs were fixed in 4% PFA and decalcified in 10% EDTA (pH 7.0) for 30 days prior to embedding in paraffin. Samples for immunohistochemical (IHC) analysis were deparaffinized and rehydrated according to standard protocols. Samples were incubated with the relevant primary detection antibodies: rabbit polyclonal anti-TGF β1 (ab92486; 20 µg/ml; Abcam, Cambridge, MA, USA), rabbit polyclonal anti-CD68 (ab125212; 1 µg/ml; Abcam) overnight at 4°C. The samples were washed three times in PBS (3 minutes each wash), and incubated with biotin-conjugated goat anti-rabbit IgG secondary antibody (Zhongshanjinqiao, Beijing) for 30 min. Images were acquired using an Olympus BX53 microscope (Olympus, Tokyo, Japan). We selected at least five images from each section per femur to measure the density of TGF-β1 or the numbers of CD68-positive cells.
Isolation of bone marrow-derived macrophages and bone marrow stromal cells
BMDMs were isolated from mice and characterized using established approaches described in previous reports. In brief, the cells isolated from femurs and tibias were cultured in H-DMEM containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin sulfate (Gibco) at 37℃ in a 5% CO 2 humidified incubator. After 6 h, adherent cells were removed and non-adherent bone marrow cells were centrifuged at 1, 000 rpm for 5 min at 4°C and then cultured with H-DMEM containing macrophage colonystimulating factor (25 ng/ml) in 24-wells plate for 7 days. Macrophages were characterized by Western blotting and RT-PCR analyses.
BMSCs were isolated from the femurs and tibias of 5-week-old C57BL/6 male mice. The cells were collected in H-DMEM culture medium supplemented with 10% FBS (Gibco), 100 U/ml penicillin, 100 mg/ ml streptomycin and cultured at 37°C in a humidified atmosphere under 5% CO 2 . Flow cytometric analysis showed that the isolated BMSCs were a relatively pure population of stromal cells that were negative for CD34, CD45 and positive for CD29, Sca-1.
Characterization of macrophage phenotype
Macrophages collected 7 days after differentiation from monocytes were regarded as the M0 population, which were characterized by the expression of F4/80+ and CD11b markers. After stimulation with IL-4 or LPS+INF-γ, macrophages were polarized into the M1 or M2 populations, respectively. The M1 population was characterized by the expression of inducible nitric oxide synthase (iNOS) and TNF-α, while the M2 population was characterized by the expression of ARG and mannose receptor 1 (MRC-1).
RNA extraction and quantitative real-time PCR analysis
Total RNA was isolated from macrophages or bone fragments using TRIzol reagents (Invitrogen). cDNA was prepared using the One Step SYBR® PrimeScript™ RT-PCR Kit (TaKaRa) according to the manufacturer's instructions. Quantitative real-time PCR was performed using the SYBR® Premix Ex Taq™ (TaKaRa) in a Bio-Rad CFX96™ real-time PCR detection system (Bio-Rad) with the following thermocycling conditions: denaturation at 95 °C for 5 s, followed by 40 cycles of denaturation at 95°C for 10 s and annealing at 57°C for 30 s. Detection of the fluorescent product was carried out at the end of the 72°C extension incubation. PCR products were subjected to a melting curve analysis, and relative expression was calculated for each gene by the 2 -∆∆CT method following normalization against GAPDH expression. Each sample was tested at least in triplicate and repeated using three independent cell preparations ( Table 1) .
Western blot analysis
After stimulation by different factors for 3 days, macrophages were harvested for Western blot analysis. Cells were lysed in RIPA buffer (10 mM Tris-HCl, 1 mM EDTA, 1% sodium dodecyl sulfate (SDS), 1:100 proteinase inhibitor cocktail, 50 mM β-glycerophosphate, 50 mM sodium fluoride). Briefly, whole cell lysates were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred to a PVDF membrane. The membranes were blocked with 5% non-fat milk for 2 h and incubated overnight at 4°C with the following primary detection antibodies: rabbit polyclonal anti-TGF β1 (ab92486; 20 µg/ml; Abcam), rabbit polyclonal anti-iNOS (ab204017; 1 µg/ml; Abcam), rabbit polyclonal anti-ARG 3.1 (ab203056; 1:1, 000; Abcam), rabbit Cellular Physiology and Biochemistry
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polyclonal anti-PKA c-α (#4782; 1:1, 000; Cell Signaling), rabbit monoclonal anti-phospho-stat3 (Tyr705) (#7145; 1:1, 000; Cell Signaling). Membranes were then incubated with HRP-conjugated secondary antibodies: anti-rabbit IgG (1:1, 0000, Boster Bio-Technology, Wuhan, China) and anti-mouse IgG (Boster Bio-Technology). Immunoreactive bands were detected using enhanced chemiluminescence (ECL, GE Healthcare Pharmacia). Densitometric analysis of Western blots was conducted using a ChemiDoc XRS (BioRad, Hercules, CA, USA) and quantified using Quantity One version 4.1.0 (Bio-Rad).
ELISA
Cells were incubated in a 24-well plate and treated with stimulatory factors as indicated. Supernatants were collected and frozen at −80°C before analysis by enzyme-linked immunosorbent assays (ELISA). Secreted M1 markers were tumor necrosis factor-alpha (TNF-α) and iNOS and M2 markers were IL-1ra and MRC. Supernatant levels of the M1 marker TNF-α and the M2 marker IL-1ra were analyzed using ELISA kits (329946 and 328852, respectively; R&D) following the manufacturer's instructions. Active levels of TGF-β1 markers were analyzed using ELISA kits (L160229821; Cloud-Clone Corp.) following the manufacturer's instructions.
SiRNA transfection
The effects of GLP-1R on macrophages or TGF-β1 secreted by macrophages were determined by siRNAmediated knockdown of the relevant gene expression in macrophages. Macrophages (5×10 5 /ml) were cultured to 60%-80% confluence and then seeded in 24 well plates and transfected with GLP-1R siRNA or TGF-β1 siRNA using Lipofectamine RNAiMAX Reagent (13778075, Invitrogen) in Opti-MEM medium. The siRNA was diluted in Opti-MEM medium and mixed with Lipofectamine RNAiMAX Reagent at a ratio of 1:1.
Migration assay
Cell migration was investigated in Transwell assays. BMSCs were seeded into the upper compartment of a Transwell plate and the macrophages were seeded into the lower compartment. Cells were randomly assigned into the following groups: macrophages, macrophages+IL-4 (20 ng/ml), macrophages+Exendin-4 (10 -7 M), macrophages+LPS (25 ng/ml)+INF-γ (100 ng/ml), macrophages+IL-10 (10 ng/ml), TGF-β1 (1 ng/ ml), and TGF-β1 neutralizing antibody (0.5 μg/ml). After incubation at 37ºC for 24 h, the culture media in the upper and lower compartments were collected. The filters were fixed in 4% paraformaldehyde for 20 min and stained with 0.1% crystal violet for 15 min. The number of migrated cells was counted in five fields under the Olympus BX53 microscope (Olympus, Tokyo, Japan).
Co-immunoprecipitation
Total proteins were extracted from BMDMs using NP-40 lysis buffer (Beyotime). The extract was preincubated with protein A/G PLUS-agarose (Santa Cruz Biotechnology, Dallas, TX, USA) and normal rabbit IgG antibodies for 30 min at 4°C. The mixture was then centrifuged at 2, 500 rpm for 5 min at 4°C. Phospho- 
Statistical analysis
All data were expressed as means ± standard deviation (SD) of at least three independent experiments and analyzed using SPSS for Windows, version 15.0. Statistical significance was determined by one-way ANOVA followed by post-hoc multiple comparisons using a Student-Newman-Keuls t-test. P < 0.05 was considered to indicate statistical significance.
Results
GLP-1 receptor agonist Exendin-4 stimulates bone formation in ovariectomized mice
The protective effect of Exendin-4 on bone mass loss was investigated in ovariectomyinduced osteoporosis mice, which is characterized by estrogen deficiency. The femurs of mice in the control group, OVX group, and OVX with Exendin-4 (4.2 μg/kg/day) group were analyzed using micro-computed tomography (micro-CT) (Fig. 1A) . The trabecular bone was markedly improved in Exendin-4-treated mice compared to that of the OVX mice. Furthermore, the ratio of bone volume to total volume (BV/TV) and trabecular number (Tb.N) in the OVX mice treated with Exendin-4 was higher than that of the OVX mice (Fig.  1B,C) . These results showed that Exendin-4 improves the structure of trabecular bone leading to improvements in bone mass.
To further explore the effect of Exendin-4 on osteogenesis, we used double calcein and tetracycline labeling to monitor bone formation parameters and determine how Exendin-4 retarded the bone loss caused by the osteoporosis (Fig. 1D) . The results showed that Exendin-4 increased mineral deposition at the bone surface and promoted new bone formation compared to that in OVX mice.
The expression of Runt-related transcription factor 2 (Runx-2) and Osterix, which represent markers of osteogenesis progression, were examined by Western blotting to assess the ability of Exendin-4 to promote osteogenesis ( Fig. 1E-G) . Compared to the OVX mice, higher levels of Runx-2 and Osterix were detected in bone tissue of the OVX mice treated with Exendin-4, indicating that Exendin-4 promotes osteoblast differentiation and osteogenesis. Furthermore, immunohistochemical staining of osteocalcin showed increased numbers of osteoblasts on the bone surface in the OVX mice treated with Exendin-4 compared with those in the OVX mice ( Fig. 2A, B) . Moreover, there were fewer osteoblasts in OVX mice compared with those in the control mice. Osteoblasts differentiate from BMSCs; however, a unique marker of BMSCs remains to be identified. Therefore, in this study, we detected BMSCs by immunostaining of CD29 and Sca-1 ( Fig. 2C-E) . The immunostaining showed abundant BMSCs attracted to the bone surface in the OVX mice compared with control mice. Greater numbers of BMSCs were detected in the OVX mice treated with Exendin-4 compared with those in the OVX mice. Cao [9] reported that TGF-β1 is regarded as an essential migratory factor in the recruitment of BMSCs to the resorptive sites. The immunostaining results showed higher expression of TGF-β1 in OVX mice compared with that in the control mice, while lower levels of TGF-β1 in OVX mice compared with that in the OVX mice treated with Exendin-4 ( Fig.  2F) . Moreover, Western blot and qRT-PCR analyses showed that Exendin-4 increased TGF-β1 expression in OVX mice (Fig. 2G, H) . TGF-β1 is secreted mainly by osteoblasts and TGF-β1 embeds in the bone matrix with collagen Ⅰ. Osteoclasts absorb the bone matrix to release active TGF-β1, which induces BMSC migration to resorptive sites [9] . The immunostaining revealed fewer osteoclasts in the OVX mice treated with Exendin-4 compared with the OVX mice, suggesting that Exendin-4 decreased the numbers of osteoclasts (Fig. 2I, J) . According to these results showing few osteoclasts in OVX mice treated with Exendin-4, it would be expected that the levels of TGF-β1 should be correspondingly low. However, higher levels of
TGF-β1 were detected in OVX mice treated with Exendin-4 compared with that in OVX mice; the mechanisms underlying this perplexing observation remain to be clarified.
Bone marrow-derived macrophages are essential for bone formation in OVX mice
Bone formation is a complex process involving the interaction between skeletal bone and the immune system. Macrophages are the main component in immunity and can be stimulated into osteoclasts. Thus, we detected macrophages in bone to determine differences in numbers among the groups. CD68 immunohistochemical analysis (Fig. 3A, B) showed that greater numbers of macrophages were detected on the trabecular bone surface in the OVX mice treated with or without Exendin-4 than that in the WT mice. Furthermore, there 
were greater numbers of CD206 positive macrophages on the bone surface in the OVX mice treated with Exendin-4 compared with that in the OVX mice (data not shown). These results indicated that macrophages participate in bone formation and might be affected by Exendin-4 although the mechanisms are unknown. To further determine the effects of macrophages on bone formation in osteoporosis, we used clodronate liposomes to eliminate the bone marrow-derived macrophages. Immunohistochemical analysis showed fewer macrophages in both OVX mice administered with clodronate liposomes and OVX mice administered with clodronate liposomes and Exendin-4 groups than in the other groups, thus, confirming that macrophages were partially depleted by clodronate liposome treatment (Fig. 3A,B) . Micro-CT imaging (Fig. 3C, D) showed that the bone mass (BV/TV), Tb.Th and Tb.N in the OVX mice treated with clodronate liposomes was lower than that in the control group. The bone mass (BV/TV), Tb.Th and Tb.N in the OVX mice treated with Exendin-4 and 
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clodronate liposomes was lower than that in the OVX mice treated with Exendin-4 alone. In addition, Tb.Sp in the OVX mice treated with clodronate liposomes was higher than that in the OVX mice group, and Tb.Sp in the OVX mice treated with Exendin-4 and clodronate liposomes was higher than that in the OVX mice treated with Exendin-4 alone. This indicated that macrophages are involved in the mechanism by which Exendin-4 improves the bone mass, and that macrophages are essential for osteogenesis. Furthermore, immunohistochemical analysis showed that the TGF-β1 expression in OVX mice treated with clodronate liposomes was lower than that in the OVX and that the TGF-β1 expression in OVX mice treated with clodronate liposomes and Exendin-4 was lower than that in the OVX mice treated with Exendin-4 (Fig. 3E, F) . These results indicated that macrophages influence TGF-β1 secretion and bone formation in OVX mice. 
Exendin-4 induces the polarization of BMDMs which secrete TGF-β1 and promote BMSC migration to the bone surface
The dynamic phenotype of macrophages is regulated by different cytokines present in the microenvironment and can be polarized into M1 and M2 subtypes. To investigate the effect of Exendin-4 on macrophages, we analyzed the expression of ARG and iNOS as markers of M2 and M1 phenotypes in BMDMs by Western blotting and qRT-PCR (Fig. 4A-E) . Western blot analysis showed that Exendin-4 increased ARG expression compared with macrophages group (Mφ) and LPS+INF-γ treated group. Furthermore, there was no significant difference in ARG expression between the macrophages treated with Exendin-4 and those treated with IL-4. The expression of iNOS in both the Exendin-4 and IL-4 groups was lower than that in the LPS+INF-γ group. TNF-α levels and IL-1ra levels were also determined by ELISA as markers of the M1 subtype and M2 subtypes, respectively (Fig. 4F, G) . LPS+INF-γ increased TNF-α expression compared with the other groups. In addition, Exendin-4 and IL-4 increased IL1ra expression compared with LPS+INF-γ group. These results demonstrated that Exendin-4 induces macrophage polarization into the M2, not the M1 subtype.
Further studies were carried out to investigate the interaction between BMSCs and BMDMs treated with Exendin-4. Transwell migration assays were performed to confirm the effect of BMDMs on BMSCs. We found that the conditioned media from macrophages treated with IL-4 did not induce BMSCs migration compared with that in the macrophage group. In contrast, the conditioned media from macrophages treated with Exendin-4 induced migration of BMSCs (Fig. 5) . The control group, LPS+INF-γ group, IL-4 and Exendin-4 groups were used to exclude non-specific effects of the media, LPS+ INF-γ, IL-4 and Exendin-4.
M2 subtype can be divided into M2a macrophages, which are stimulated by IL-4, M2b macrophages, which are stimulated by immune complexes (IC) and TLR or IL-1R agonists, and M2c macrophages, which are stimulated by IL-10. We found that the conditioned medium from the macrophages stimulated with Exendin-4 or IL-10 significantly increased numbers of BMSC migration than that induced by the conditioned medium from the macrophage groups (Fig. 6A, B) . Moreover, Western blot analysis showed that IL-10 or Exendin-4 promoted the expression of TGF-β1. In addition, ELISA analysis of TGF-β1 levels in these conditioned media revealed that IL-10 or Exendin-4 stimulated macrophages to secrete TGF-β1. These data indicated that Exendin-4 stimulates macrophages to secrete TGF-β1, which induces the migration of BMSCs (Fig. 6C, D) . We then conducted further investigations to confirm that BMSC migration was due to TGF-β1 secreted by macrophages stimulated by Exendin-4 or IL-10 ( Fig. 6E, F) . The results showed that TGF-β1 antibody-mediated neutralization significantly inhibited the migration of BMSCs induced by TGF-β1 conditioned medium. Furthermore, the numbers of BMSCs induced to migrate by the conditioned media from macrophages treated with IL-10 or Exendin-4 were significantly decreased in the presence of the neutralizing anti-TGF-β1 antibody. These findings indicated that active TGF-β1 is the cytokine secreted by M2 subtype to induce BMSC migration. Taken together, these results showed that Exendin-4 promoted the polarization of macrophages into M2 subtype to secret TGF-β1 and induce BMSC migration.
Mechanisms by which Exendin-4 stimulates macrophage polarization
We used the GLP-1R siRNA or TGF-β1 siRNA to investigate the effects GLP-1R and TGF-β1 on BMSC migration. Based on previous reports, we analyzed GLP-1 receptor expression by macrophages derived from bone marrow [43] . Notably, PCR analysis confirmed that macrophages expressed the GLP-1 receptor gene (data not shown). Transwell experiments showed that the numbers of migrated BMSCs were decreased significantly by GLP-1R or TGF-β1 knockdown (Fig. 7A-D) .
However, as shown in our previous study, the cAMP/PKA and phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathways are main two signaling pathways that are stimulated downstream of GLP-1R activation. Moreover, M2a macrophages are induced by IL-4 and IL-13 through STAT6 phosphorylation, M2b macrophages are induced by the combination of IC and TLR or IL-1R agonists, and M2c macrophages are induced by IL-10 through STAT3 homodimer, c-Maf, and STAT3 activities. Our results showed that H-89 inhibited STAT3 phosphorylation and TGF-β1 expression (Fig. 7F) . These results indicated that Exendin-4 induces macrophage polarization into the M2 subset via a cAMP/PKA-dependent signaling pathway and the STAT3 signaling pathway. The GLP-1 receptor antagonist, Exendin(9-39), and the cAMP activator, Forskolin, were used to investigate the signaling pathways involved in macrophage polarization (Fig. 7F) . The expression of P-STAT3 and TGF-β1 in the Exendin-4 treated group was higher than that in the group treated with H-89, indicating that H-89 inhibits polarization and the secretion of TGF-β1 in macrophages. In addition, P-STAT3 expression was increased in the macrophages treated with Exendin-4 compared with that in macrophages treated with Exendin-4 and Exendin(9-39). Forskolin increased P-STAT3 expression, while H-89 attenuated the effect of forskolin. These results confirmed that Exendin-4 activates the polarization of macrophage into the M2 subset via the GLP-1 receptor signaling pathway. We performed co-immunoprecipitation studies to identify crosstalk between the GLP-1R pathway and the macrophage polarization pathways (Fig. 7G) . PKA co-immunoprecipitated with P-STAT3 in macrophages treated with Exendin-4, indicating that Exendin-4 promotes macrophage polarization through the interaction between PKA and STAT3.
Discussion
The present study revealed that Exendin-4 induces BMDM secretion of TGF-β1, which recruits BMSCs to the bone resorptive sites in a process that is vital for bone remodeling. Exendin-4 is a structural analog of GLP-1, which can promote bone formation in diabetesinduced bone loss. Some studies have shown that Exendin-4 increases bone mineral density and induces osteogenesis in type 2 diabetic models [44, 45] , with decreased risk of fracture [46] through promoting BMSC differentiation [47] . These studies indicated that Exendin-4 promotes osteoblast differentiation to increase bone formation. Furthermore, our previous studies also showed that Exendin-4 mediates its effects on bone formation via the PI3K-AKT signaling pathway [48] , although the source of BMSCs recruited to the bone resorptive sites was not clarified. However, our results showed that Exendin-4 increased the trabecular number and thickness and enhanced the rate of bone formation to promote bone mass, which is consistent with other reports [3] . Furthermore, Exendin-4 increased the expression of both Runx-2 and Osterix, which are markers of bone formation. Osteoblasts and osteoclasts are the two main cell-types involved in bone formation. Bone remodeling involves resorption of bone matrix by osteoclasts and cytokine release into the bone marrow. This leads to recruitment of BMSCS to the bone resorptive sites and differentiation into osteoblasts to promote bone formation. Osteoclasts play an important role in initial bone formation. The first step in bone remodeling involves absorption of bone marrow by osteoclasts with TGF-β1 released to attract the BMSCs to the resorptive sites, where osteotropic factors stimulate osteoblast differentiation [4] . Furthermore, Hao [49] reported that Exendin-4 promotes the migration of BMSCs via the PI3K/AKT signaling pathway. However, since the half-lives of Exendin-4 and GLP-1 are relatively short, it is necessary to determine the continuous effect of Exendin-4 or GLP-1 on the migration of BMSCs. Therefore, we carried out further experiments to investigate this issue. As TGF-β1 induces the migration of BMSCs to the bone surface, we plan to explore the relationship between Exendin-4 and TGF-β1 in future studies. Our previous study showed that Exendin-4 induces the differentiation of BMSCs into osteoblasts. In this study, we found greater numbers of BMSCs on the bone surface in OVX mice compared with that in the control mice, while there were fewer osteoblasts on the bone surface in the OVX mice compared with that in the control mice. Although the mechanisms are unknown, Exendin-4 has been reported to function as an osteotropic factor to induce differentiation of BMSC into osteoblasts [48] . In accordance with these reports, we found that Exendin-4 increased BMSC migration to the bone surface in the OVX mice compared with that in the OVX mice, which indicates that Exendin-4 induces BMSC migrations to the bone Cellular Physiology and Biochemistry
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surface. IHC analysis of bone slices showed increased numbers of osteoblasts and BMSCs on the bone surface in the Exendin-4 treated mice compared with those in OVX and control mice. These observations suggest that Exendin-4 not only promotes the differentiation of BMSCs into osteoblasts, but also induces the migration of BMSCs to the bone surface although the mechanisms are unclear. TGF-β1 is one of the most important cytokines in the bone matrix and has been shown to induce migration of BMSCs to the bone surface and regulate proliferation. Our results showed that TGF-β1 expression was higher in OVX mice compared to the levels detected in the control mice because of the high activation of osteoclasts. However, the expression of TGF-β1 in OVX mice was lower than that in the mice treated with Exendin-4, indicating that Exendin-4 increases TGF-β1 expression; however, the underlying mechanism remains to be elucidated. TRAP staining revealed greater numbers of osteoclasts in OVX mice than in the Exendin-4 treated mice, suggesting that higher levels of TGF-β1 are released into bone marrow in OVX 
Cellular Physiology and Biochemistry mice compared with that in the Exendin-4 treated mice. Surprisingly, the opposite pattern was observed in this study, with higher levels of TGF-β1 in Exendin-4 treated mice than that in OVX mice. The mechanisms underlying this phenomenon are unknown. Bone formation is a complex process involving osteoblasts, osteoclasts and monocytes, such as preosteoclasts and macrophages [11, 31, 32] . Osteomacs represent a population of macrophages that are resident in the bone tissues and derived from primordial hematopoietic progenitors that exert pro-anabolic effects on osteoblasts [32, 50] . In contrast, BMDM are derived from blood monocytes following tissue injury and infection. A study conducted in a cranial defect model showed that BMDM were associated with anabolic responses and biomaterial-induced osteogenesis [32, 51, 52] . Polarization of macrophages toward either the M1 or M2 subset phenotype is likely to affect the bone formation and current data indicate that this process is influenced directly or indirectly by their microenvironment [39] . Osteomacs have been shown to induce bone formation in mouse tibial injury and to regulate osteoblast fuction [31, 32] . In this study, we investigated the function of BMDM on bone formation in OVX mice. Our results revealed fewer BMDMs in the trabecular bone in OVX mice compared with that in the Exendin-4 treated mice, which suggested that BMDMs may affect bone formation. Currently, there are two methods to deplete macrophages. One is conditional depletion of macrophages in MAFIA mice, in which macrophage apoptosis is induced via the Fas-FasL pathway and the other involves the induction of apoptosis following phagocytosis of clodronate liposomes administered to the mice. Neither of these methods results in complete knockout of all macrophages and all macrophage subtypes are targeted equally. In this study, we depleted macrophages by administration of clodronate liposomes to evaluate their role in bone formation in OVX mice. Micro-CT analysis of trabecular bone structure showed that the bone volume, trabecular number and trabecular thickness in clodronate liposome-treated OVX mice was lower than that in OVX mice, which indicated that BMDMs affect bone formation, although the mechanisms are unknown. The bone volume and trabecular numbers in macrophage-depleted OVX mice treated with Exendin-4 were higher than those in OVX mice treated with clodronate liposomes alone because Exendin-4 promotes BMSC differentiation into osteoblasts. Moreover, IHC analysis showed decreased TGF-β1 expression at the bone surface in the macrophage-depleted groups compared with that in the OVX and Exendin-4 groups. These results indicate that Exendin-4 induces macrophage secretion of TGF-β1 which promotes BMSC migration to the bone surface. Macrophages can be stimulated to differentiate into M1 and M2 subsets according to different microenvironments. The M1 subset is characterized by secretion of pro-inflammatory cytokines, while the M2 subset produces anti-inflammatory cytokines. Recently, it has been reported that conditional depletion of macrophages in MAFIA mouse bone retarded skeletal growth and resulted in osteoporosis. Furthermore, fracture healing was impaired in the transgenic mice or clodronate liposome-treated mice. In addition, macrophages can affect osteoblastic differentiation of BMSCs and the M2 subtype is beneficial for bone formation. Thus, the balance in M1/M2 macrophage function is critical for fracture healing [30, 53] , although the precise macrophage subtype is open to discussion and the mechanisms of the osteogenesis remain to be elucidated. Further investigations are required to determine which subpopulation influences osteogenesis in the OVX model and Exendin-4 treated mice.
To investigate the effect of Exendin-4 on the polarization of macrophages, we stimulated macrophages with Exendin-4, IL-4 or LPS+INF-γ. Our results showed that Exendin-4 increased the expression of ARG and inhibited iNOS expression at both the mRNA and protein levels, with the same effect observed following treatment with IL-4. These observations indicate that Exendin-4 promotes macrophage polarization to the M2 subset and inhibits macrophage polarization to the M1 subset. Moreover, ELISA data revealed that macrophages treated with Exendin-4 or IL-4 secreted higher levels of IL-1ra than untreated macrophages or those treated with LPS+INF-γ. As Exendin-4 promoted M2 polarization of macrophages, we investigated the interaction between M2 macrophages and BMSCs. Macrophages can be divided into two subtypes: M1 and M2, which is further subdivided into three subsets: M2a, M2b and M2c. First, we determined the effect of the conditioned medium from macrophages Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry treated with IL-4 or Exendin-4 on BMSC migration. There was no significant difference in the number of migrated BMSCS following treatment with conditioned medium from macrophages treated with and without IL-4, while there were fewer migrated BMSCs following treatment with conditioned medium from macrophages treated with Exendin-4. This indicates that Exendin-4 treatment induces the secretion of different cytokines. However, the conditioned medium derived from macrophages treated with IL-10 or Exendin-4 induced migration of a greater number of BMSCs into the lower chamber than that from untreated macrophages, suggesting that IL-10 or Exendin-4 could induce macrophages to secrete the same cytokines. IL-10 stimulates macrophages polarization into the M2c subset, which secretes TGF-β1. Western blot analysis showed that Exendin-4 promoted the expression of TGF-β1, in a similar manner to IL-10. Furthermore, ELISA data also showed that macrophages treated with IL-10 or Exendin-4 secreted higher levels of TGF-β1 than untreated macrophages. These results suggest that Exendin-4 induces the polarization of macrophages into the M2c subset and secretion of TGF-β1, although the mechanisms are unknown. Further studies were carried out to confirm that the TGF-β1 was secreted by the M2 subset and to investigate the effect of TGF-β1 on BMSC migration. A TGF-β1 antibody neutralized the effect of TGF-β1 on the migration of BMSCs. Transwell experiment data showed that the neutralizing TGF-β1 antibody decreased the numbers of migrated BMSCs when cultured in the conditioned medium derived from macrophages treated with IL-10 or Exendin-4. This confirms that BMSC migration is induced by TGF-β1 secreted by macrophages; however, the mechanism by which Exendin-4 promotes the expression of TGF-β1 in macrophages is unknown. Osteal macrophages have been shown to promote bone healing and osteoblast mineralization, although the mechanisms by which macrophages regulate bone formation remain to be elucidated [31, 32, 54] . Our data showed that BMDMs secrete TGF-β1 at the bone surface to induce BMSCs migration to the bone surface.
To investigate the effect of GLP-1R and TGF-β1 on BMSC migration, we generated stable cell lines with GLP-1R and TGF-β1 knockdown. GLP-1R or TGF-β1 knockdown induced a significant decrease in the number of migrated BMSCs in the two groups compared with those observed in cultures with conditioned medium derived from macrophages treated with Exendin-4. These observations indicate that GLP-1R or TGF-β1 play an important role in the effects of Exendin-4.
To further investigate the mechanisms underlying the effects of Exendin-4 on macrophage polarization, we used specific inhibitors of the GLP-1R signaling pathway. The results showed that the PKA inhibitor H-89 repressed ARG expression by macrophages treated with Exendin-4, indicating that Exendin-4 stimulates the polarization of macrophages via the PKA signaling pathway. The major pathways responsible for macrophage polarization involve a balance between activation of STAT1 and STAT3/STAT6. The predominance of STAT3 and STAT6 activation results in M2 macrophage polarization, associated with immune suppression and tumor progression. IL-4-induced c-Myc activity controls a subset of M2-associated genes. IL-4 also induces the M2-polarizing Jmjd3-IRF4 axis to inhibit IRF5-mediated M1 polarization. IL-10 stimulates M2 polarization via STAT3 signaling pathway induction of the expression of genes and proteins, such as IL-10, TGF-β1 and MRC-1 [33] . Notably, we found that H-89 inhibited the expression of P-STAT3 and TGF-β1 in macrophages treated with Exendin-4. Moreover, PKA was co-immunoprecipitated with STAT3 in macrophages treated with Exendin-4, indicating that Exendin-4 promotes macrophage polarization to the M2 subtype through the interaction between PKA and STAT3. These data indicate that Exendin-4 promotes BMSC migration into resorptive sites by inducing the polarization of macrophages into the M2 subtype through signaling crosstalk between GLP-1R signaling and STAT3 signaling, and that the M2 macrophages generated secrete TGF-β1 to promote osteogenesis. Our results indicate the potential of Exendin-4 as a therapeutic agent for preventing bone loss and promoting bone formation by promoting M2 polarization of macrophages. Furthermore, this is the first demonstration that Exendin-4 induces the polarization of BMDMs into the M2 subtype via the PKA-STAT3 signaling pathway to induce the migration of BMSCs. In summary, we found that Exendin-4 induces TGF-β1 secretion by
